Understanding the exciton dynamics in biological systems is crucial for the manipulation of their function. We present a combined quantum mechanics (QM) and molecular dynamics (MD) simulation study that demonstrates how coherent two dimensional near ultraviolet (2DNUV) spectra can be used to probe the exciton dynamics in a mini-protein, Trp-cage. 2DNUV signals originate from aromatic transitions which are significantly affected by the couplings between residues, which determine exciton transport and energy relaxation. The temporal evolution of 2DNUV features captures important protein structural information, including geometric details and peptide orientations.
I. Introduction
Stimulated by the importance of understanding and controlling energy flow and dissipation processes in biological systems, 1 exciton dynamics in biomolecules has long been under active studies. 2, 3 Probing exciton dynamics in proteins is essential for fundamental cell biology as well as for protein engineering. However, it has never been an easy task, mainly due to the fact that the exciton behaviors are dictated by the quantum mechanism and rely on molecular interactions, which vary a lot during biological functions and are hardly accessible to traditional techniques. Coherent ultrafast two-dimensional (2D) spectroscopy has emerged as complementary to nuclear magnetic resonance (NMR) that determines protein geometry from structural-dependent chemical shifts. 4 The 2D infrared spectroscopy (2DIR) has been proven to be a powerful tool in identifying the local geometric details of protein. 5, 6 2D electronic spectroscopic signal is coming from the transition of electrons which is often globally distributed and coupled effectively with the electrostatic potential of surroundings, and thereby carries rich information of molecular interactions and reflects both local and global 2 protein structures under environmental fluctuation. It is also known that the transition and migration of electrons are much faster than atoms. Therefore, UV signals induced by electron excitation of protein can capture the temporal evolution of excitons before the geometric changes of proteins. 2D electronic spectroscopy offers direct access to the exciton structure and dynamics of chromophore aggregates by spreading spectral information over two or more frequency axes. [5] [6] [7] [8] 2D signals carry information of molecular interactions, including exciton couplings, chemical exchange, coherence transfer, spectral diffusion, and system-bath interactions, and their temporal evolution provides a direct probe of the structural-dependent exciton dynamics.
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Here we studied the two-dimensional near ultraviolet (2DNUV) spectra of a model system, the trp-cage protein. This is a mini-protein with 20 amino acids. The folded peptide has a tryptophan (trp) residue located inside the cage of other residues, so the optical signals of this trp residue carry geometric and kinetic information of the whole protein. The electronic transitions of the trp and tyrosine (tyr) aromatic residues form a simple excitonic system in the near ultraviolet (NUV: 250 ∼ 300 nm) region. The two dominant aromatic transitions have a small energy difference (< 3000 cm −1 ), ensuring strong coupling and making exciton dynamics detectable. Such small energy difference also meets the realistic bandwidth of ultrafast UV lasers, so that 2D experimental measurement is feasible. [12] [13] [14] One can thus follow the temporal evolution of photon echoes and capture the dynamics of exciton population relaxation. Meanwhile, the directions of aromatic transition dipoles are nearly fixed in the aromatic residue, so their interactions with polarized laser pulses reflect protein orientation.
This would contribute to the study of protein anisotropy which is important for drug design.
We have carried out a combined quantum mechanics (QM) and molecular dynamics (MD)
simulation for 2DNUV signals of the trp-cage protein induced by four coherent ultrashort time-ordered laser pulses. By varying the time delay between the second and third pulses, we followed the temporal evolution of the 2D signal which reflects the exciton dynamics.
The QM and MD simulation protocol also enables us to examine the dependence of exciton 3 dynamics on molecular interactions, which is hardly accessible to traditional techniques.
II. Theoretical methods
The trp-cage structure Neidigh et. al . 15 have designed a series of trp-cage proteins, among which TC5b was widely studied. The TC5b trp-cage consists of 20-residue with the sequence of "NLYIQWLKDGG PSSGRPPPS", in which there are only two aromatic side chains: the sixth trp residue (Trp6) and the third tyr residue (Tyr3). The structure of TC5b is displayed in Fig. 1 (A) , in which the backbone trace is shown as a ribbon, the side chains are depicted with wires, and the aromatic chains Tyr3 and Trp6 are highlighted with tubes. The Trp6 is located inside the cage of all other residues.
Aromatic transitions
The transition energies, electric and magnetic dipole moments of isolated aromatic chromophores are calculated by QM CASSCF/SCRF (the complete-active space self-consistentfield) 16 method implemented within a self-consistent reaction field in MOLCAS. 17 The excitation energies of NUV transitions of three aromatic amino acids are given in The aromatic chromophores of Trp6 and Tyr3 are displayed in Fig. 1 Fig. 1 (C) . Their photoresponses to polarized laser pulses carry abundant structural information of the trp-cage peptide. The population relaxation from higher to lower energy levels should dominate the exciton dynamics.
Quantum mechanics and Molecular mechanics simulations
Starting geometric coordinates of the TC5b trp-cage were taken from the RSCB protein data bank (PDB code: 1L2Y). MD simulations were carried out using the software package NAMD 2.7 18 with the CHARMM27 19 force field and the TIP3P water model. 20 We employed the NPT ensemble, and cubic periodic boundary conditions. The particle mesh Ewald sum method was used to treat the long-range electrostatics. A non-bonded cutoff radius of 12
A was used. Ensembles of molecular dynamics (MD) geometric snapshots were recorded for 16 ns dynamics after 2 ns of equilibration at 1 atm pressure and 310 K. Structures of 1000 MD snapshots with the 400 fs interval were extracted for the UV studies. It is found that 1000 snapshots produce identical 2DUV signals as 1500 snapshots, demonstrating the data convergence. Meanwhile, our previous work of 2DUV on the same protein have shown that the correlation between MD snapshots will not affect the 2DUV signal evolutions.
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The proteins are divided into fragments of amino acids and peptide bond units. The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 molecules, respectively. The gas-phase electronic structures and charge densities of all amino acids and water molecules were obtained with the hybrid DFT B3LYP/6-311++G** method implemented in the GAUSSIAN03 package. 22 It is true that we perform MD simulations and later calculate some fragments (active chromophore groups) of the resulting snapshots at the QM level.
Our 
The 2D photon echo signal
Based on the exciton Hamiltonian, UV spectra were simulated using the SPECTRON code. 27 The full inhomogeneous UV spectra are obtained by averaging over all MD snapshots.
The 2DNUV signal is generated by four impulsive coherent short laser pulses, labeled by their wavevectors k 1 , k 2 , k 3 , and k 4 , with
The absorption change of the k 4 beam is recorded as a function of the three consecutive delay times: t 1 , t 2 , and t 3 .
Here 2D signals are calculated by two-dimensional Fourier transform t 1 → Ω 1 and t 3 → Ω 3
with t 2 varying. In this work, we focus on the non-chiral 2D signal, so the zzzz polarization configuration for four laser pulses (i.e. the k 1 , k 2 , k 3 , k 4 laser pulses with polarizations along the z axis as illustrated in Fig. 1 (B) ) is used. Four Gaussian laser pulses are centered at 37000 cm −1 (∼270 nm) with full width at half maximum (FWHM) bandwidth 3000 cm 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (∼24nm). We used the protocol described in ref. 28 When two excitons generated by electronic transitions approach the same chromophore, they scatter due to Pauli exclusion. We have used the nonlinear exciton equations (NEE) approach and the scattering matrix is built as described in ref. 28 This method avoids the diagonalization of doubly excited states and can be used in large proteins with hundreds of units. Signals are plotted using non-linear scale which reveals both the strong and weak features,
The signal S is multiplied by a scale factor c to make it close to 1, so that weak amplitudes are amplified: for cS< 1 the scale is linear, arcsinh(cS) ≈ cS, and for larger cS it becomes
Exciton population relaxation is simulated with the Red Field relaxation matrix for single-exciton space population-coherence dynamics. 6 With the quasi-particle model, 29, 30 interactions between excitons on peptide and environment bath are characterized by the oscillation of transition energies under environmental fluctuations. The distributions of oscillators for the Wb, Yb, Wa transitions found in 1 ns dynamics are displayed in Fig. 2 (A) .
Obviously, the strongest transition Wa has the broadest and most complicated distribution pattern for oscillators, while the Yb distribution is very sharp. The correlation function of the n-th transition mode in the real space at time t can be calculated with
where ∆E n (t) represents the energy shift induced by environment interactions, and was computed for 120, 000 MD snapshots with the 8 fs interval. And ∆E n (∞) was calculated by averaging with all MD snapshots. Here <> means three trajectories were averaged to consider the dynamic ensemble. The correlation functions C n (ω) in the frequency domain 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 were obtained through the Fourier transform of C n (τ ), as we have
The correlation functions for three modes are displayed in Fig. 2 (B) . Corresponding to oscillator distributions, the Wa transition holds the strongest oscillations. 
III. Results and Discussion

CD spectra
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2DNUV for residue-dependent exciton dynamics
2DNUV spectra with the zzzz laser pulse polarization configuration were simulated. 28 We first considered the isotropic orientation with averaged ensemble. The 2DNUV zzzz spectra of trp-cage in the native form (Nat) for time delay t 2 = 0 and 10 ps are displayed in the left column of Fig. 4 . The Wa, Yb, Wb transitions are marked with vertical and horizontal dashed lines. The 2DNUV spectrum at t 2 =0 is dominated by a negative (blue) diagonal peak centered near (Wa+Yb)/2 ( ∼ 37000 cm −1 ), suggesting strong couplings between Wa and Yb transitions. The peak decays due to couplings and shifts to the diagonal point at Yb after t 2 =10 ps. Consequently, a cross-peak emerges at ω 1 ∼ Wa and ω 3 ∼ Yb frequencies (Wa-Yb). These reflect the exciton population relaxation from Wa to Yb. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 and Tyr3 (Yb transition) residues are computed and displayed in Fig. 4 . Signals coming from isolated Trp6 or Tyr3 are much weaker than those of Nat TC5b, demonstrating that residue couplings significantly enhance photon echo response. The static spectrum of Trp6 at t 2 =0 exhibits a dominant diagonal peak centered at the middle of Wa and Wb frequencies, which also decays with t 2 time increasing. At t 2 =10 ps, a cross peak is observed at ω 1 ∼ (Wa+Wb)/2 and ω 3 ∼ Wb, reflecting the energy relaxation from Wa to Wb. Tyr3 has only one Yb transition and no exciton couplings in the NUV region, so one can barely see the decay of its diagonal peak even after 10 ps time delay.
In order to identify the signals induced by residue couplings between Trp6 (Wa and Wb) and Tyr3 (Yb), the difference spectra of Nat-Trp6-Tyr3 (subtracting Trp6 and Tyr3
contributions from Nat signals) were displayed in the right column of Fig. 4 . 2DNUV at t 2 =0 shows one negative (blue) diagonal peak at the Wa frequency and one positive (red) diagonal peak at the Yb frequency, both of which decay with t 2 increasing. At t 2 =10 ps, the cross peaks of Wa and Yb (Wa-Yb), Wa and Wb (Wa-Wb), Yb and Wb (Yb-Wb) are clearly resolved in the difference spectrum. These demonstrate that residue couplings are responsible for the population relaxation from higher to lower energy level.
The temporal evolution of some dominant 2DNUV peaks are plotted in Fig. 5 . The diagonal peaks in the Nat and Trp6 spectra decay exponentially with the increase of time, while their cross peaks increase exponentially. The exponential decay rule was widely used to explain the temporal evolution of 2D signals. 33, 34 Here our simulated 2DNUV signals follow a triexponential decay trend. Using a function of
we have obtained fitted curves in good agreement with the computed results in Fig. 5 . The fitted parameters of three decay rates are listed in Table. 2. The τ 1 with values close to 0.03 ps and τ 2 in sub-ps scale should account for the fast decay by the intrinsic exciton dephasing process and environmental interactions, respectively, as they have nearly the same values for different transition modes (Wa, Yb, Wb) and three protein residue compositions (Nat, Trp6, Tyr3). In contrast, the value of τ 3 in several ps scale increases dramatically 13 from the Nat to isolated Trp6 and Tyr3 spectra, so it should describe the exciton decay due to electronic transition couplings. The order of τ 3 value is Nat < Trp6 < Tyr3, suggesting that couplings between transitions facilitate the population relaxations and shorten exciton lifetime. 
2DNUV for geometry-dependent exciton dynamics
Peptide geometry determines the residue coupling, which influences light-induced exciton dynamics. As in the trp-cage structure in Fig. 1 (B) , the angle φ between the Yb and Wb 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 2DNUV signals for orientation-dependent exciton dynamics Fig. 1 (A) shows that the Wb and Wa transition dipoles of the Trp6 residue are nearly perpendicular. This can be used to examine exciton dynamics in regard to the peptide orientation. As in Fig. 1 (B) , we have built a partially oriented peptide ensemble, by rotating every MD snapshot to ensure the aromatic ring of Trp6 on the y'-z' plane of Cartesian space x'y'z' with the Trp6 center C-C bond parallel to y' axis. We then employed four laser pulses with polarization all along the z axis (Pzzzz) to interact with the oriented ensemble as in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 
IV. Conclusions
In summary, we have used the temporal evolution of 2DNUV spectra to study the structuraldependent exciton dynamics in a model protein. We demonstrated that the exciton transport and energy relaxation rate depend on the structural parameters of the protein, such as the geometric details and peptide orientations. These would be very useful for the structural determination of proteins, and reveal some crucial structure-property relationships. One can also expect some anisotropy of motions and allosteric behavior in proteins, which will help understand and manipulate biochemically relevant interactions such as ligand binding so that facilitate related drug designs. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
